Background: Earlier studies have shown raised risks of leukaemia and non-Hodgkin lymphoma in children, teenagers and young adults resident either at birth or diagnosis in Seascale. Some increases in cancer risk in these age groups have also been noted among those living around Dounreay. We aimed to update previous analyses relating to areas close to these nuclear installations by considering data from an additional 16 years of follow-up.
Previous studies have investigated claims of excesses of leukaemia and other cancers not only among children, but also among teenagers and young adults (aged 0-14 and 15-24 years, respectively) in the vicinity of nuclear installations generally and, within Great Britain, around Sellafield and Dounreay specifically.
In particular, an increased risk of lymphoid leukaemia and non-Hodgkin lymphoma (NHL) was reported among children, teenagers and young adults living in Seascale during 1963 -1990 (Draper et al, 1993 . A raised risk of leukaemia was found among the same age group living within 12.5 km of Dounreay during the period 1979 -1984 (Heasman et al, 1986 . A subsequent study (Sharp et al, 1996) reported an excess of childhood leukaemia and NHL within 25 km of Dounreay for the period . Although Draper and colleagues noted suggestions of a possible increased risk for other tumour types among teenagers and young adults (aged 15-24 years) resident around Sellafield, no corresponding increased risk has been reported among those living around Dounreay.
A more recent British study (Bithell et al, 2013) considered leukaemia incidence in children aged under 5 living in the vicinity of nuclear power plants and found little evidence of an increased risk in contrast to findings from Germany (Kaatsch et al, 2008) . In France, a possible increased risk for acute childhood leukaemia was observed among children living o5 km from a nuclear power plant for the period 2002 -2007 (Sermage-Faure et al, 2012 . This raised risk was not evident in the previous decade or among children living at any greater distance from the plants.
An excess cancer mortality risk among children and young adults was observed in the population born in Seascale between 1950 and 1983 (Gardner et al, 1987) . The increased follow-up now available allows investigation of whether the excess cancer risks continue beyond the ages considered by Gardner. Although a similar birth cohort study found no significantly raised risk for children born around the Dounreay site (Black et al, 1992) , further investigation of cancer risk beyond age 20 for these individuals is also warranted for comparison.
Studies of cancer incidence relating to these two nuclear installations have been evaluated by the Committee on Medical Aspects of Radiation in the Environment (COMARE) and COMARE reports have included recommendations about future monitoring. COMARE's 11th report (Committee on Medical Aspects of Radiation in the Environment (COMARE), 2006) recommended that the incidence of childhood leukaemia and other cancers was kept under periodic review in the areas surrounding both Sellafield and Dounreay as the reported excesses appeared real, if unexplained, and were unlikely to be due to chance (COMARE 10th report (Committee on Medical Aspects of Radiation in the Environment (COMARE), 2005)). COMARE 11 also suggested that it was appropriate to investigate whether the cancer excess occurs in age groups older than 25 years of age.
In the analyses described here, we evaluate the cancer incidence during childhood and young adulthood among those individuals resident during 1991-2006 around either Sellafield or Dounreay nuclear installations and compare it with that for earlier periods. Also, by contrast, we estimate the cancer risk, at any age, among those individuals born between 1950 and 2006, while resident close to either installation, irrespective of their subsequent place of residence within Great Britain.
MATERIALS AND METHODS
Cancer excesses in the vicinities of Sellafield and Dounreay were investigated separately but using methods for each as similar as the availability of cancer incidence and population data around the two distinct locations allowed. Briefly, standardised incidence ratios (SIRs) were calculated for cross-sectional populations and also for birth cohorts, applying national cancer registration rates for the same years to the calculated populations at risk to derive expected numbers for comparison with the numbers of events observed.
Analyses relating to Sellafield. Three designated areas within Cumbria for which both population and cancer registration data were available were defined (Figure 1 At the 2001 census, the geographical area of Seascale ward increased substantially; so only those output areas corresponding to the old Seascale ward boundaries were included as Seascale.
For cross-sectional analyses of cancer among 15 to 24-year olds, Barrow-in-Furness was excluded because the Northern Region Young Persons' Malignant Disease Registry (NRYPMDR) did not collect data from this area.
Cross-sectional analysis. Census data were used to derive agespecific population estimates for the three areas around Sellafield described above. Table 1 shows the mean number of children (aged 0-14) and teenagers and young adults (aged 15-24) resident in each of these three areas over the three time periods to be considered. National Registry of Childhood Tumours (NRCT) data were then used to determine the number of childhood cancers occurring to residents of each area in any given time period. These resulting rates were compared with NRCT national rates for England, Wales and Scotland (EWS) for the corresponding time period. Similarly, cancers in teenagers and young adults in Cumbria were identified from the NRYPMDR and the rates were compared to corresponding rates for the remainder of the NRYPMDR area.
Birth cohort analysis. In summary, a cohort was assembled to include all individuals born in Cumbria between 1950 and 2006 to mothers resident in Cumbria at the time of the child's birth. Cohort members were then assigned to one of the same three designated areas on the basis of the postcode of their mother's usual address at the time of the child's birth.
A pre-existing cohort of children born in Cumbria between 1950 and 1993 (held both at the Office for National Statistics (ONS) and by collaborators at Newcastle University) formed the starting point of the cohort for our analyses. The original 1950-1993 birth cohort formed the database for a programme of work focusing on cancer and adverse birth outcomes in relation to factors such as paternal preconceptional irradiation (Parker et al, 1993 Dickinson and Parker, 2002) and population mixing as well as a range of geographical information system-based studies in relation to the areas around Sellafield (Dummer et al, 1998) .
To complete the cohort, ONS identified those children born between 1994 and 2006 to mothers resident in Cumbria. Data relating to members of the Cumbria Birth Cohort, both the pre-existing Cumbrian cohort of children born 1950-1993 (n ¼ 278 665) and the extension to the cohort, born 1994-2006 (n ¼ 64 430), were supplied from the National Health Service Information Centre (NHSIC).
NHSIC were unable to supply birth address information for the 1950-1993 part of the cohort so, to enable identification of individuals born in the geographical areas of interest it was necessary to match the NHSIC version of the cohort with that held at Newcastle University, which included the necessary address information. No completely consistent identifiers linked the two versions of the cohort, making this a complex matching exercise, but 98.5% of the records in the NHSIC version of the cohort, taken as the definitive version for this study, were matched to records from the Newcastle version.
The birth cohort was flagged at ONS and researchers were notified of all deaths, cancer diagnoses (after 1971) or emigrations (and thus losses to follow-up) among cohort members provided the individual was still alive in 1991 when records were transferred to the Central Health Register Inquiry System (CHRIS). The General Register Office for Scotland likewise provided notifications for members of the cohort who had migrated to Scotland. These returns were used to calculate incidence rates, for both childhood and adult cancers for the period 1971-2006, which have been compared with corresponding population rates.
It became apparent that the Cumbria cohort as supplied by NHSIC was missing those individuals born in Cumbria from 1950 to 1991 who had died before the introduction of CHRIS. Similarly, there were no cancers recorded pre-1991 unless the individual survived beyond 1991.
Newcastle agreed to allow access to the data they hold on deaths and cancers pre-1991. However, the cancer information they hold (ascertained in the 1990s) may not be complete and in some cases the coding and diagnosis date recorded were not consistent with those supplied by NHSIC. To complete the cohort we added 7788 individuals from the Newcastle version of the cohort identified as having died before 1991 and a further 3123 individuals identified as having embarked before 1991. Newcastle had identified 356 cancer diagnoses among the 7788 individuals who had died prior to 1991. To obtain consistent cancer information for cohort members we asked NHSIC to check those individuals against the ONS cancer records and this information was incorporated into the analyses. Scrutiny of the additional cases included in the cohort suggested that their inclusion does not bias the findings of the study in any way.
Careful cross checking between the ONS and Newcastle versions of the pre-1994 cohort meant that cohort members who died or emigrated before 1991 were able to be included in the study and any cancers recorded for these individuals between 1971 and 1991 are included in the analyses that follow.
Analyses relating to Dounreay
Cross-sectional analysis. Two geographical areas surrounding the Dounreay nuclear installation have been defined for which population estimates for the relevant age groups are publicly available and within which cancer cases can be identified. The area closest to Dounreay consists of the civil parishes of Thurso and Reay (Figure 2 ), while the second area consists of the remaining civil parishes of Caithness, geographically a very much larger area but with a relatively sparse population. Table 1 shows the average annual population of children (0-14 years) and teenagers and young adults (15-24 years) for both areas for each of the three time periods under consideration.
Childhood cancers (aged 0-14) occurring in each area were identified from the NRCT. Cancers in teenagers and young adults (aged 15-24) were identified from records held by the Information Services Division (ISD) in Scotland. Rates for children were compared with the corresponding NRCT rates for EWS for the equivalent time periods. Rates for teenagers and young adults were compared with cancer registrations for Scotland for the same age group and time periods. Birth cohort analysis. Children born between 1950 and 2006 in two specified areas around Dounreay (Figure 2) were identified:
1. Postcode sector KW14 7 2. Postcode sectors KW12 6, KW13 6 and KW14 8
The cohort birth records were linked to cancer registrations held by ISD to obtain information on malignancies among cohort members.
The information on cancer diagnoses among Dounreay cohort members was restricted to cancers in those still alive at the introduction of Community Health Index (CHI) numbers in Scotland. As it was not possible to obtain any national estimate of cancer incidence on a similar ascertainment basis, time from study entry (birth) to study exit (cancer diagnosis or 31 December 2006) was compared for those born in the two defined study areas instead.
Outcome measures. Throughout the analyses included in this study, cancer incidence is the outcome measure under consideration.
The cross-sectional analyses concentrate on cancers among children (aged 0-14 years) and teenagers and young adults (aged 15-24 years). The cohort analyses consider cancer incidence occurring between 1971 and 2006 at any age with the earliest born cohort members approaching age 57 at the close of the study in 2006. For both types of analyses, total cancer is defined to include all malignant tumours (except non-melanoma skin cancers) together with all central nervous system or brain tumours of uncertain or benign nature. Age appropriate diagnostic subgroups, categorised by the International Classification of Diseases for Oncology, Third Edition (ICD-O-3; World Health Organisation, 2000) were considered for each type of analysis as shown in Table 2 .
The Cumbria cohort analyses were performed using STATA, Version 11 statistical software (StataCorp., 2009, College Station, TX, USA) and report SIRs together with corresponding 95% confidence intervals (CIs). Using the same software, Log-rank tests were used to compare cancer incidence among individuals born in the two specified areas around Dounreay.
RESULTS

Seascale
Cross-sectional analysis. Numbers of leukaemias, other cancers and total cancer cases identified among residents in Seascale Ward (as defined for the 1981 census), Copeland and Allerdale CDs and the rest of Cumbria are shown in Table 3 together with SIRs and 95% CIs. Supplementary Tables S1a, S1b and S1c give further detail of the numbers of tumours and SIRs by diagnostic subgroup. The top panel of Table 3 shows a single case of childhood cancer (shown in other malignancies in Supplementary Table S1a) together with a single leukaemia among teenagers and young adults during the period 1991-2006 among those resident in Seascale ward. Our re-analysis of the data confirms the significantly raised incidence of leukaemia among children between 1963 and 1983 (SIR 9.85, 95% CI 2.68-25.22) and the raised incidence of non-leukaemia tumours among teenagers and young adults between 1984 and 1990 (SIR 10.61, 2.19-31.02 ).
The second panel of Table 3 shows the number of cancers and SIRs for the area surrounding Seascale ward-Allerdale and Copeland CDs (excluding Seascale ward). Corresponding information for the remainder of Cumbria is shown in the third panel. There are no suggestions of significantly raised incidence of cancer in children, teenagers and young adults in Allerdale and Copeland CDs during any of the periods covered by this study. Historically, it has been the practice to consider leukaemia and NHL together because of inconsistencies in diagnoses. In the remainder of Cumbria, when these two subgroups were combined (see Supplementary Table S1c) there was a significant excess of cases among children aged 0-14 during the period 1984-1990 (SIR 1.64, 1.11-2.33), but this excess was not evident in either the earlier or later periods studied. Teenagers and young adults (aged 15-24) appeared to be at a non-significantly reduced risk for leukaemia in each of the time periods studied and when the time periods were combined, this reduced risk became significant (SIR 0.58, 0.32-0.97). Driven by this reduced leukaemia risk, overall cancer risk in teenagers and young adults was again non-significantly reduced in each of the three separate time periods and significantly reduced when the time periods were combined (SIR 0.85, 0.73-0.99).
Birth cohort analysis. Data relating to the entire Cumbrian Birth Cohort, both the earlier part based on the pre-existing Cumbrian cohort of children born during 1950-1993 (n ¼ 278 665) and its extension, those born during 1994-2006 (n ¼ 64 430), were supplied from the NHSIC. Overall, 1379 individuals were identified as having been born within Seascale ward, 122 980 within Allerdale and Copeland CDs and 213 760 within the remainder of Cumbria, contributing 37 989.4, 3 192 368 and 5 369 045.7 person-years, respectively to the analyses that follow. Table 4 shows SIRs for cancer overall and each of the 12 diagnostic subgroups listed in Table 2 for each of the three designated study areas. There is no indication of any significant excesses either of cancer overall or any individual diagnostic subgroup of tumours among those born in Seascale ward or Cumbria more generally. Further analyses were undertaken stratifying by sex, age group at diagnosis, birth decade and diagnosis decade (results for cancer overall are shown in Supplementary Table S2 ). For cancer overall, the reduced cancer risk in both areas of Cumbria outside of Seascale was greater in males than females, but otherwise no important variations across the strata were evident.
Dounreay
Cross-sectional analysis. Numbers of cancer cases and, separately, leukaemia and other tumours, SIRs and 95% CIs at ages 0-14 and 15-24 diagnosed in the civil parishes of Thurso and Reay and, separately, the remaining civil parishes of Caithness are shown in Table 5 . For childhood cancers the national comparative rates were derived from NRCT registrations for EWS, whereas for the teenage and young adult cancers (aged 15-24) comparative rates were based on Scottish cancer incidence rates (from ISD). Supplementary Tables S3a and S3b show details of cancer incidence and risk by diagnostic subgroup. Table 5 shows no excess of childhood cancer among 0 to 14-year olds or 15 to 24-year olds resident in Thurso and Reay during the period 1991-2006. During this period, there were two cases of cancer among 0 to 14-year olds and five cases of cancer among 15 to 24-year olds, none of which were leukaemias. For cancer overall, the SIR for the period was 0.51 (95% CI 0.06-1.84) for the 0 to 14-year age group and 0.95 (0.31-2.21) for the 15 to 24-year age group.
For the remaining civil parishes of Caithness there were six cases of childhood cancer during the period 1991-2006 and four cases of cancer among 15 to 24-year olds. None of the individual SIRs for this period were significantly raised (or reduced) and for cancer overall, the SIR was 0.84 (0.31-1.83) for 0 to 14-year olds and 0.46 (0.13-1.18) for 15 to 24-year olds.
None of the cancer cases diagnosed between 1991 and 2006 in either age group or in either area were leukaemia.
Birth cohort analysis. The cohort identified by ISD included 8091 individuals of which 3932 had been born in the area closest to Dounreay (postcode sector KW14 7) and 4159 in the three surrounding postcode sectors.
Information Services Division supplied 93 notifications of a malignant tumour (excluding non-melanoma skin tumours) or a non-malignant brain tumour relating to members of the cohort; 42 of these tumours (2 leukaemias) arose in individuals born in the area closest to Dounreay and the remaining 51 (7 leukaemias) in individuals born in the area further from Dounreay. Table 6 shows the cumulative cancer incidence since birth for those born in each of the two study areas. Log-rank tests (P ¼ 0.99) confirmed that there is no difference between the overall cancer incidence of these two subgroups within the cohort. Where there were sufficient numbers (five or more cases), incidence for the diagnostic groups detailed in Table 2 was compared between these two subgroups (data not shown) and no differences were found. 
DISCUSSION
The results of our cross-sectional analyses indicate that no excesses of childhood and young adult cancer around Sellafield and Dounreay are evident when more recent data covering the period from 1991 to 2006 are considered. Our findings for the earlier time periods are consistent with earlier published findings (Black et al, 1992; Draper et al, 1993) . Detailed analysis of cancer incidence within the Cumbria birth cohort suggests no increase in risk for the period 1971-2006 either for cancer overall or for any specific diagnostic subgroup among individuals born in Seascale ward or the surroundings areas of Cumbria. This is true both for childhood tumours and, among the earlier born cohort members, for malignancies occurring during adult life. Equally, there is no raised cancer risk evident in those members of the Dounreay cohort born closest to Dounreay as compared to those cohort members born further away from the nuclear installation. However, it must be noted that many of the results reported are based on small numbers and must therefore be treated with appropriate caution.
In recent years, there has been considerable interest in cancer incidence around nuclear installations among children aged 0-4 years whereas the results of the cross-sectional analyses we present relate to childhood cancer as a whole (0-14 years). However, closer inspection of the data, especially that for the newly reported period 1991-2006, did not reveal any excesses among the younger children that were not already present in the broader age group.
Previous studies of cancer incidence around nuclear installations have focused on leukaemia, particularly in those studies relating to children and young adults. The third COMARE report (Committee on Medical Aspects of Radiation in the Environment (COMARE), 1989), however, noted a raised risk of non-leukaemia tumours around nuclear establishments in Berkshire and therefore, as recommended by COMARE, we report on the incidence of brain and other solid tumours in addition to leukaemia. In terms of the cohort studies, which predominately examine cancer incidence in adults, we examined all major diagnostic groupings rather than restricting the analysis to the tumour groups most prevalent in childhood.
Explanations for the changing pattern of cancer risk observed among children and teenagers and young adults around Sellafield and Dounreay can only be speculative. Variation in environmental factors over time may have resulted in time-related changes in exposure. Evidence linking radioactive discharges to cancer incidence is slim but there has been a reduction over time in radioactive discharges from these two installations. Discharges from Sellafield are certainly lower in more recent years (Hunt, 1995; Environment Agency, Food Standards Agency, Northern Ireland Environment Agency, Scottish Environment Protection Agency, 2013) . However it has previously been suggested (Committee on Medical Aspects of Radiation in the Environment (COMARE), 1988 (COMARE), , 1996 Muirhead, 1998; Wakeford, 2003; Wakeford, 2013) that, for both installations, discharges were always too small to have explained the observed leukaemia excesses. A major review of epidemiological studies of leukaemia in children and young adults around nuclear facilities (Laurier et al, 2008) concluded that while local excesses, including those previously reported around Sellafield and Dounreay, were apparent, none of the multi-site studies showed an increased risk of leukaemia overall in these age groups. Thus, while our results show a change in risk pattern over time around these two particular installations, the absence of an excess risk for a particular time period is not unique.
A major re-examination of cancer risk around nuclear installations in the United States includes an appraisal of study design and methodology (Wing et al, 2011) . A single complete, population-based cancer registration system and hence the ability to use cancer incidence rather than cancer mortality data are two of the issues problematic to US studies that our study circumvents. However, the cost and effort involved in obtaining individual exposure data integrated over time from conception to diagnosis, as highlighted by Wing et al, raises corresponding difficulties for any UK study.
Other kinds of exposure to ionising radiation from naturally occurring sources are unlikely to account for the clusters and trends since natural exposure levels are thought stable over time (Kendall et al, 2013) . Similarly, although intrauterine growth patterns are thought to influence childhood cancer rates (O'Neill et al, 2012) , there is no reason to believe that the general increase in average birthweight or proportion of babies with high birthweight, could account for a localised cluster and subsequent decline in rates. Again, despite the evidence that some childhood cancers are genetically influenced (Stiller, 2004) , population genetic changes in the areas around Sellafield and Dounreay are very unlikely to account for the changing patterns of cancer incidence observed over the study period.
Other analyses, examining cancer incidence in children living close to overhead powerlines (Bunch et al, 2014) have found a similar pattern of raised risks evident in earlier decades (Draper et al, 2005) reducing over a similar time span. Clearly, while any hypothesised mechanisms underlying the raised risks initially observed in these two studies will be different, it is nevertheless of interest to observe a similar pattern of risk reduction over a period of some 50 years.
A leading alternative hypothesis to account for the increases in childhood leukaemia observed previously around nuclear installations involves levels of unusual population mixing. Childhood cancer, in particular leukaemia, may be a rare response to as yet unidentified infectious agent(s) and an increased rate of population mixing, bringing together infective and susceptible individuals, resulting in outbreaks of infection with rare leukaemogenic consequences (Kinlen, 1988 (Kinlen, , 1995 (Kinlen, , 2012 . More specifically, a study based on a subset of the Cumbria cohort concluded that population mixing during gestation or early in life could account for the increased risk observed around Sellafield. Although we have no exact measure for levels of population mixing, or an appropriate proxy measure, for more recent years, it is reasonable to conclude that population mixing will have reduced over time as the nuclear installation at Sellafield has not expanded greatly in more recent years. The absence of any increased risk of childhood cancer in the more recent data analysed here thus would tend to support the argument for population mixing being a contributory cause of observed clusters and perhaps even suggest that 25-30 years is the time required for the effect of such population mixing to disappear. All the data for our analyses were taken from pre-existing registers routinely collecting data from geographical areas wider than but including the specific areas in this analysis. Our investigation thus avoided the need to contact individuals and many of the biases associated with reported data in epidemiological studies.
Although we have described some of the difficulties encountered in assembling and monitoring the cohorts, we maintain that, given the inconsistency of recording and registration systems over the long period of this study, our data are as complete and accurate as could be expected. To support this claim, as far as childhood tumours within the Cumbrian cohort are concerned, we identified cases of childhood cancer diagnosed between 1971 and 2006 and registered on the NRCT among individuals whose mothers were resident at the time of the child's birth in the three defined study areas and we compared these with the childhood cancer cases identified from the cohort study. This comparison suggested that the number of cases identified from the cohort was around 10% lower for the diagnosis period 1971-2006 than expected from the NRCT. In general, we would expect the NRCT to contain a more complete record of childhood cancer than would be the case for other sources. Furthermore, some of these 'missing' cases will have been born outside Cumbria (despite the mother being normally residing in Cumbria) and thus were not eligible for inclusion in the original Cumbria cohort. In particular, of the two Seascale Ward cases identified from NRCT records that did not appear in the cohort analysis, one was born outside Cumbria. The other 'missing case' was diagnosed prior to the introduction of CHRIS but NRCT records would nevertheless suggest that the individual is alive. Examination of the Cumbria 'missing cases' by diagnosis year shows a marked increase in the discrepancy between the two data sources for cases diagnosed in 1991 and 1992-the period immediately following the introduction of CHRIS. The issue arising from non-retention of records relating to individuals no longer alive at the time of the introduction of CHRIS for the Cumbrian cohort was mirrored in the Dounreay cohort by issues surrounding the introduction of CHI numbers.
Information on tumours diagnosed at 15-24 years of age was supplied without names and thus no attempt could be made to cross-check whether any cancers registered at ages 15-24 years were in fact second primary tumours diagnosed in individuals who had been diagnosed with a first primary tumour in childhood. Such an occurrence would however be very rare (o1%) and therefore unlikely to have influenced our findings.
Although children are, in the vast majority of cases, living with their families with a clearly defined residential address, teenagers and young adults are far more mobile and it is likely that there is less consistency in their practice of registration for medical services. This may have some effect on the cancer rates recorded in this age group. Seascale, in particular, has been noted as having an unusually high socioeconomic status that may be associated with an increased tendency to make use of more distant educational facilities making them more likely also to register for medical services away from their parental home address. The reduced incidence of cancer overall and leukaemia in particular noted among teenagers and young adults in Carlisle, Eden and South Lakeland CDs may well be indicative of atypically high outward migration rates among this age group. The most notable reduction in incidence is a deficit of observed leukaemia cases among 20 to 24-year olds though the numbers involved are small (four cases observed as against 9.32 expected). This reduction in incidence could be the result of this age group moving from Cumbria to more urban areas to undertake education or seek employment.
Although there are acknowledged inconsistencies in some of the data sources we have used, we maintain that this study makes best use of the available information and gives unbiased results. Analysis of the most recent data suggests that children, teenagers and young adults currently living close to Sellafield and Dounreay are not at an increased risk of developing cancer. Equally, there is no evidence of any increased cancer risk later in life among those resident in these areas at birth.
